Dendritic cells phagocytose pathogens leading to maturation and crosspresentation on MHC class I. We found that the efficiency of cross-priming in mice after vaccination with biodegradable poly(D,L-lactide-co-glycolide) microspheres (MSs) was enhanced when ovalbumin was coencapsulated together with either a CpG oligonucleotide or polyI:C as compared to co-inoculation of ovalbumin-bearing MS with soluble or separately encapsulated adjuvants. A single immunization with MS containing coencaspsulated CpG and ovalbumin yielded 9% SIINFEKL/H-2K b tetramer positive CTLs, production of IFN-␥, efficient cytolysis, and protection from vaccinia virus infection. Taken together, coencapsulation of adjuvant and antigen is an important paradigm for the generation of potent CTL responses.
Introduction
Dendritic cells (DCs) function as master switches that control whether the consequence of antigen encounter is tolerance induction or the stimulation of a cellular immune response [1] . In their immature state, DC reside in peripheral tissues to ''sample'' the environment by pinocytosis or phagocytic uptake of pathogens. The consequence of engulfing bacterial or viral particles and their disassembly in phagosomes are twofold. On the one hand antigenic peptides are generated and delivered to MHC class I and II molecules, on the other hand DC receive a maturation signal via TLRs which are stimulated by pathogen-associated molecular pattern (PAMP) molecules [2] . Mature DC then migrate to secondary lymphoid organs, where the acquired material is either presented directly on MHC class II molecules, thus triggering T cell help, or cross-presented to CD8 + T cells on MHC-I [3] [4] [5] . In this way all systemically and peripherally expressed antigens can be presented to T cells. Nevertheless, this mechanism implies that self-antigens are presented on dendritic cells, which potentially leads to activation of silent autoreactive T cells finally leading to autoimmunity [6] . To prevent this, dendritic cells only get ''licensed'' to induce activation of T cells in the presence of TLR ligation.
Recently, Blander and Medzhitov [7, 8] have addressed the question how it can be avoided that DC that simultaneously pick up self-antigens and pathogens activate self-reactive T cells. They found that only those phagosomes contributed effectively to presentation on MHC class II molecules in vitro which had endocytosed particulate cargo that contained both the TLR4 ligand LPS and the model antigen ovalbumin. Moreover, it was recently shown that the T helper response to the TLR11 ligand profilin from the parasite Toxoplasma gondii relied on TLR signal transduction by DCs suggesting that the physical association of TLR ligand and antigen is relevant in vivo [9] . These results have important consequences for the design of microparticulate vaccines especially if they can be extended to cross-priming of CTLs.
We and others have explored biodegradable microspheres (MSs) composed of poly(D,L-lactide-co-glycolide) (PLGA) as antigen delivery devices for macrophages and dendritic cells [10] . PLGA-MS of about 0.5-5 m in diameter are actively phagocytosed by human and murine DC and can be used for the encapsulation of DNA, RNA, peptides or proteins. The PLGA polymer hydrolyzes slowly in aqueous environments [11] , and releases encapsulated peptides and proteins into the processing pathways for presentation on MHC class I and II [12] [13] [14] . While pivotal biological properties of DC like cytokine secretion, migration, and T cell stimulation were not altered by the uptake of PLGA-MS, it became also evident that PLGA-MS by themselves do not trigger the maturation of DC [15] . However, the differentiation of immature human DC that had phagocytosed PLGA-MS occurred normally upon subsequent stimulation with TLR ligand or proinflammatory cytokines.
The overall goal of our work is the optimization of the parameters for subcutaneous vaccination with PLGA-MS for the generation of antigen-specific CTL responses in vivo. In this study, we first realized that the effect of polyI:C and CpG oligonucleotides was more prominent when these adjuvants were coinjected in microencapsulated rather than soluble form. Even better results, however, were consistently achieved when antigen and adjuvant were not separately microencapsulated in different MS and coinjected but when they were coencapsulated into the same microparticles. This procedure yielded unprecedented potent CTL responses upon a single injection and demonstrates that the principle described by Blander and Medzhitov for class II presentation in vitro can be extended to cross-priming of CD8 + T cells in vivo.
Materials and methods

Preparation of microspheres (MS)
MS were prepared from 14 kDa PLGA 50:50 carrying hydroxyland carboxyl-end groups (Resomer RG502H, Boehringer Ingelheim, Ingelheim, Germany). The antigens and TLR ligands were microencapsulated by spray drying as described elsewhere [16] . Briefly, ovalbumin (Grade V, Sigma) and/or CpG oligonucleotide with a phosphothioate backbone (1826, Microsynth, Balgach, Switzerland) and/or polyI:C (Calbiochem, VWR, Dietikon, Switzerland) were dissolved in 0.5 ml aqueous medium (aqueous phase) and mixed with 1 g of PLGA dissolved in 20 ml of either dichloromethane or ethyl acetate (organic phase). For individual microencapsulation of OVA, CpG or polyI:C, 50 mg ovalbumin were dissolved in 0.5 ml H 2 O and 1 g PLGA in 20 ml dichloromethane, or 5 mg of CpG or polyI:C were dissolved in 0.5 ml 0.1 M NaHCO 3 and 1 g PLGA in 20 ml ethyl formate. Coencapsulation of OVA with either of the two adjuvants was performed by co-dissolving 50 mg OVA and 5 mg adjuvant in 0.5 ml of 0.1 M NaHCO 3 and 1 g PLGA in 20 ml dichloromethane. The aqueous and organic phases were homogenized under ultrasonication (Hielscher, UP200 H, Ampl. 40%) for 10 s on ice. The obtained w/odispersion was spray-dried (Mini Spray-Dryer 191, Büchi, CH-Flawil) at a flow rate of 2 ml/min and inlet/outlet temperatures of 40/37
• C. The obtained MS were washed out of the spray-dryer's cyclone with 0.1% poloxamer 188 (Pluronic ® F68, BASF), collected on a cellulose acetate membrane filter and dried under reduced pressure (20 mbar) for 18 h. Before use, indicated amounts of MS were dispersed in indicated aqueous media by ultrasonication for 1 min in order to obtain a homogenous MS suspension.
Release of antigen and TLR ligands from MS
Amounts of 10 mg of MS, accurately weighed, were suspended in 1 ml phosphate buffered saline (PBS; pH 7.4) and kept at 37
• C under mild rotational movement. After 3 days of incubation, the MS suspension was centrifuged, and the supernatant analysed for OVA and CpG. The OVA was assayed fluorimetrically ( ex / em = 280/334 nm; slits: 10 nm; Cary Eclipse, Varian Optical Spectroscopy Instruments, Mulgrave, Victoria, Australia), and the CpG with the Quant-iT TM Oligreen ® ssDNA reagent (Invitrogen/Molecular Probes, Eugene, Oregon, USA) according to the manufacturer's protocol using a 96-well microplate fluorometer FluoroCount TM (Packard Instruments). In order to determine the total amount of ovalbumin encapsulated into PLGA-MS, microspheres were incubated in 6N HCl for 2 h at 95
• C followed by neutralization with NaOH and Trizma ® base (Sigma). As a standard, grade V ovalbumin (Sigma) was treated similarly in varying concentrations. Protein concentration in the solution was determined using the micro-BCA TM Protein Assay Kit (Pierce, Rockford, IL). Encapsulation efficacy for PLGA-MS containing ovalbumin was 57 ± 4.5% and for the batches in which ovalbumin was coencapsulated with CpG oligonucleotides 45 ± 18.3%.
Generation of BMDCs and maturation mediated by encapsulated adjuvants
For preparation of murine CD11c + DC, femurs of C57BL/6 mice were taken and their bone marrow isolated by flushing with PBS. Erylysis was performed using NH 4 Cl. Afterwards, cells were cultured in 1640 RPMI medium supplemented with 10% FCS, 2-ME and 10% supernatant of GM-CSF transfected X63Ag8-653-cells. Cells were harvested after culturing for 5 days in six-well plates. The proportion of CD11c + cells was approximately 70%. For maturation, cells were cultured in the presence of LPS (10 g/ml), polyI:C (20 g/ml), or CpG (6 g/ml) for 18 h. To test maturation mediated by TLR ligand loaded MS, cells were incubated with either 4 mg/ml of MS containing polyI:C or 1 mg/ml MS containing CpG for 18 h. Afterwards, the cells were sorted for CD11c + and stained for H-2K b (clone AF6-88.5), CD86 (clone GL1), and H-2IA b (clone AF6-120.1). All antibodies were purchased from BD Pharmingen. FACS analysis was performed with a FACScan TM using CellQuest TM software (BD Biosciences, Heidelberg) and the data was subsequently analysed by Flowjo TM software (Tree Star, Ashland, Oregon). 
Intracellular cytokine staining
C57BL/6 mice were immunized by s.c. injection of MS dispersed in 400 l PBS in the base of the tail (three mice per group). Six days later, splenocytes were isolated and incubated with 10 M SIINFEKL peptide (Eurogentec, Cologne, Germany) in the presence of brefeldin A (10 g/ml, Sigma-Aldrich) for 5 h. The cells were then washed and stained with PE-Cy5-conjugated rat IgG␣-CD8␣ antibody (BD Biosciences Pharmingen, Clone 53-6.7) for 20 min at 4
• C. The cells were washed before they were fixed with 1% paraformaldehyde in PBS for 25 min at room temperature. After washing, the cells were labeled intracellularly with FITC-conjugated rat ␣-IFN-␥ antibody (clone XGM1.2, diluted in PBS/0.1% Saponin) at 4
• C overnight. After a final washing step, cells were resuspended in 200 l PBS and analysed by flow cytometry.
MHC tetramer analysis
The H-2K b /SIINFEKL tetramers used in this study were generated as described before [17] . For MHC tetramer staining, splenocytes were stained with PE-labeled SIINFEKL/H-2K b tetramer for 25 min at 4
• C and subsequently with PE-Cy5-conjugated rat ␣-CD8␣-IgG for 20 min at 4
• C. Cells were washed twice and measured by flow cytometry.
In vivo cytotoxicity assay
Cytotoxic activity of CD8 + cells in vivo was assessed as described elsewhere [18] . Briefly, splenocytes from naïve mice were pulsed with 10 M SIINFEKL peptide. The pulsed cells were stained with 10 M carboxyfluorescein succinimidyl ester (CFSE), while unpulsed cells were stained with 0.3 M CFSE. Immediately before injection, both cell populations were mixed, and a total number of 1 × 10 7 cells were injected i.v. into mice. After 18 h, splenocytes were prepared and analysed by flow cytometry. The percentage of cytolysis was calculated as follows: 100 − [(% peptide pulsed cells in vaccinated mice/% unpulsed cells in vaccinated mice)/(% peptide pulsed cells in control mice/% unpulsed cells in control mice)] × 100.
Cytolytic assays
C57BL/6 mice were immunized by s.c. injection of MS dispersed in 400 l PBS in the base of the tail (three mice per group). Six days later, splenocytes were isolated and used as effectors in a primary chromium release assay as previously described [19] . Target cells were EL4 T cells (H-2 b ) either left unpulsed as negative control (data not shown) or externally loaded with the SIINFEKL peptide. 
Virus protection assay
To assay viral protection, animals were challenged on day 6 after vaccination with MS with 2 × 10 6 pfu recombinant vaccinia virus coding for ovalbumin (rVV-OVA) by intraperitoneal injection (kindly contributed by Dr. Jonathan Yewdell, NIH, Bethesda, MD). Four days later, ovaries were taken, and a virus plaque assay was performed on BSC-40 cells.
Statistical analysis
To statistically assess differences between groups, Student's unpaired t-test was performed using the GraphPad software. A p-value < 0.05 was considered statistically significant for all analyses.
Results
Maturation of BMDCs by microencapsulated TLR ligands
The hydrolysis of PLGA-MS leads to the production of glycolic and lactic acid and concomitant acidification of PLGA-MS, which may harm microencapsulated proteins or nucleic acids [20] . Hence, we tested whether PLGA-MS containing the TLR9 ligand CpG oligonucleotide 1826 [21] or the TLR3 ligand polyI:C were capable to phenotypically mature mouse bone marrow-derived dendritic cells (BMDCs). After 5-6 days of culture in GM-CSF, BMDCs were incubated for 18 h either with MS containing either microencapsulated CpG oligonucleotide 1826 or microencapsulated polyI:C. BMDCs cocultured with empty MS and cells treated with corresponding amounts of soluble polyI:C or soluble CpG oligonucleotide served as negative and positive controls, respectively. Maturation analysis was performed by staining for CD86, MHC-I, and MHC-II. As shown in Fig. 1 , both microencapsulated and soluble adjuvants, but not empty MS, led to upregulation of CD86, MHC-I, and MHC-II. Although the upregulation of maturation markers was slightly less pronounced when microencapsulated adjuvants were used, it appeared that microencapsulation largely preserved the adjuvant properties of polyI:C or CpG oligonucleotide.
Optimizing the parameters for cross-priming with microencapsulated antigen
To investigate how cross-priming is influenced by particulation of antigen in vivo we used ovalbumin as a model antigen for microencapsulation into biodegradable PLGA-MS. Ovalbumin-loaded MS (MS-OVA) were injected subcutaneously either alone or in a mixture with soluble CpG oligonucleotide into the base of the tail of C57BL/6 mice. On different days after injection, splenocytes were recovered, and after 5 h of restimulation with the H-2K b restricted SIINFEKL epitope of ovalbumin in vitro, spleen cells were stained for CD8 + and intracellular IFN-␥. As shown in Fig. 2A  and B , SIINFEKL-specific responses could be detected on day 6 after vaccination, but neither 1 day earlier nor on days 8 or 10 after vaccination. To further characterise our system, different amounts of MS-OVA were injected s.c. and the OVAspecific CTL response was assessed on day 6 by intracellular IFN-␥ staining. The strongest responses were detected when 5 mg of MS-OVA, containing a targeted amount of 250 g (i.e. 5%, w/w) ovalbumin, were used per animal (C). Surprisingly, IFN-␥ production significantly diminished, when higher amounts were injected. This overdose effect was also obtained when half of the amount of PLGA loaded with the double amount of ovalbumin was injected (data not shown). Whether this decline occurred because of functional exhaustion of CD8 + cells by overloading the system with antigen remains to be investigated. In addition to the antigen dose finding, we also titrated the amount of soluble CpG oligonucleotide coinjected with MS-OVA. The response was optimal when 25 g of soluble CpG oligonucleotide was coinjected per animal, but it also decreased at higher doses of CpG oligonucleotide (D).
Microencapsulation of TLR ligands into PLGA-MS enhances the CTL response
Next, we examined whether microencapsulation of TLR ligands leads to a further enhancement of CD8 + -lymphocyte activation. For this purpose PLGA-MS loaded with either CpG oligonucleotide 1826 (MS-CpG) or polyI:C (MS-polyI:C) were prepared. Animals received either a mixture of MS-OVA and MS-CpG or a mixture of MS-OVA and MS-polyI:C and the effect was compared to the coapplication of MS-OVA with equivalent amounts of the soluble adjuvants. On day 6 after injection, activation of SIINFEKL-specific splenocytes was assessed by intracellular IFN-␥ staining. Remarkably, both microencapsulated TLR ligands led to a twofold increase in the generation of OVA-specific CTLs as compared to the coinjection of soluble TLR ligands (Fig. 3A and B) . Although this effect could be observed for both TLR ligands to the same extent, the overall response obtained after coinjection of CpG oligonucleotide was consistently stronger than the CTL yield obtained when using polyI:C as an adjuvant. To exclude that polyI:C was used in a suboptimal concentration, we coinjected mice with 5 mg MS-OVA together with titrated amounts of either soluble polyI:C or microencapsulated polyI:C. Optimal CTL responses were obtained with 5 g soluble polyI:C and 0.5 mg MS-polyI:C (containing 2.5 g or 0.5%, w/w of polyI:C) which confirmed that higher CTL responses can be achieved with less adjuvant when it is applied in microencapsulated form. We then determined the kinetics of CTL responses after vaccination with 5 mg MS-OVA and 0.5 mg MS-polyI:C and found that -similar to vaccination with CpG oligonucleotides (Fig. 2B) -a maximal CTL response occurred on day 6 after immunization (Fig. 3D) . Coencapsulated antigen and TLR ligand in PLGA-MS achieve efficient cross-priming and the most potent CTL responses in vivo Blander and Medzhitov have shown in their recent publication [8] that the efficiency of antigen presentation on MHC-II in vitro is dependent on the presence of TLR ligand and antigen within the same particle. In order to investigate whether in vivo cross-priming is also influenced by close proximity of antigen and TLR ligand we coencapsulated ovalbumin and TLR ligands within one and the same microsphere preparation. The efficiency of crosspriming was again assessed after injection as described above. In fact, Fig. 4A reveals that coencapsulated ovalbumin and CpG oligonucleotide achieved a SIINFEKL-specific IFN-␥ response of CD8 + -lymphocytes that was twice as high as that observed after vaccination with a mixture of two MS formulations each containing separately equivalent amounts of adjuvant and antigen. The same effect was observed when using polyI:C as an adjuvant but the obtained CTL responses were again significantly weaker than the ones obtained with CpG oligonucleotide (B). Vaccination with MS-OVA alone yielded virtually no CTL response above background, which is consistent with the inability of PLGA-MS to induce DC maturation in the absence of adjuvants. To ascertain that the observed enhancement of CTL response was not due to a different amount of OVA released when both the adjuvant and antigen were coencapsulated, we tested the in vitro release with different MS formulations. All MS formulations containing ovalbumin with or without adjuvant were incubated for 3 days in PBS, and the supernatant was assayed fluorimetrically. Within 3 days, MS-OVA released 66.7 ± 4.8 g/ml ovalbumin (i.e. 15.3 ± 1% of the theoretically loaded amount) whereas the MS with the coencapsulated OVA/CpG released 49.4 ± 17.6 g/ml (i.e. 9.9 ± 3.5%), showing that according to Student's t-test there existed no significant difference in the early OVA release between these two preparations. The same was observed when CpG release was analysed in the supernatant by staining with Oligreen, a specific fluorescent dye for single-stranded DNA. Within the 3 days of testing, the MS-CpG released 14.4 ± 4.3 g/ml of CpG (i.e. 28.8 ± 8.6%), whereas the MS with the coencapsulated OVA/CpG released 10.5 ± 0.6 g/ml (i.e. 21 ± 1.2%) of the adjuvant also showing no significant difference between the two preparations. To determine the total content of OVA in MS-OVA and MS-OVA/CpG, we hydrolyzed the MS completely in HCl and determined the protein content after neutralization (see materials and methods). This analysis, which provides a measure of the effective encapsulation in relation to the theoretically targeted encapsulation, revealed that the efficiency for MS-OVA was 57 ± 4.5% and for MS-OVA/CpG 45 ± 18.3%. We hence conclude that the increased CD8 + responses were not due to differences in the effective content of OVA or the amount of antigen or CpG oligonucleotide released from the MS containing coencapsulated as compared to singly encapsulated components.
So far we had only used intracellular IFN-␥ production as a read out for CTL activation. Since it is known that not all antigen-specific CTL can be induced to produce IFN-␥ during a 5-h in vitro stimulation with peptide, we used SIINFEKL/H-2K b tetramer stainings to assess the overall generation of SIINFEKL-specific CTL. As indicated in Fig. 5 , we achieved an average of approximately 9% of SIINFEKL-specific CD8 + -lymphocytes when a single PLGA-MS preparation was administered that contained both the ovalbumin and CpG oligonucleotide. Approximately half of the response was detected when a mixture of the two MS preparations containing the same amounts of separately microencapsulated antigen and adjuvant was administered. In agreement with the IFN-␥ assay (Fig. 4) , the responses to polyI:C were generally lower, but also showed a twofold enhancement of the CTL responses when adjuvant and antigen were coencapsulated (Fig. 5) .
In order to assess the cytolytic capacity of MS containing ovalbumin and CpG oligonucleotide, we performed an in vivo cytotoxicity assay with animals, which were previously vaccinated with coencapsulated or individually microencapsulated OVA and CpG. In this experiment, vaccinated or untreated control mice were injected on day 6 with unpulsed target cells stained with a low concentration of the fluorescent dye CFSE, and SIINFEKL-pulsed target cells stained with a high concentration of CFSE. In animals that had received MS with coencapsulated OVA/CpG nearly all peptide-pulsed target cells were killed after 18 h, while unpulsed target cells were not diminished (Fig. 6A  and B) . By contrast, animals that had received the MS with individually microencapsulated OVA and CpG lysed only incompletely the peptide-pulsed target cells; this indicates that the cytolytic response was weaker when antigen and adjuvant were administered in separate particles. The latter insight was also confirmed in primary cytolytic chromium release assays in vitro. Splenocytes from mice vaccinated with MS with coencapsulated OVA/CpG lysed SIINFEKL-pulsed EL4 target cells significantly better than splenocytes from mice vaccinated with MS with individually microencapsulated OVA and CpG whereas vaccination with empty MS yielded no SIINFEKL-specific responses (C).
Vaccination with PLGA-MS protects from infection with vaccinia virus
Protection from vaccinia virus depends upon the activity of CD8 + T cells in C57BL/6 mice [22] . To compare the antiviral capacity of CD8 + -lymphocytes induced by coencapsulated and separately microencapsulated ovalbumin and CpG oligonucleotide, mice vaccinated as described above were challenged with a high dose of recombinant vaccinia virus encoding ovalbumin (rVV-OVA). Viral titers were determined 4 days later in the ovaries (Fig. 7) . We found that coencapsulated OVA/CpG provided partial protection against vaccinia virus already at a dose of 2.5 mg whereas 5 mg of the MS mixture had to be applied to achieve an effect. Untreated animals or animals immunized with lower amounts of MS contained high titers of rVV-OVA in the ovaries. It has been shown, that CpG oligonucleotide injection alone can be sufficient to protect animals against viral infections [23] . Consequently, we investigated whether protection was antigen-specific or simply based on unspecific activation of the innate immune system via CpG oligonucleotide. Although the virus titer was significantly decreased when MS-CpG was administered without antigen, full protection was only achieved when antigen was present. Taken together, we conclude that also for protection against rVV-OVA challenge, the coencapsulation of antigen and adjuvant in the same MS was more potent than the application of mixed MS separately charged with antigen and adjuvant.
Discussion
Dendritic cells continuously sample their environment and thereby simultaneously capture microbial antigens, selftissue and harmless environmental proteins. This situation poses the question how DCs manage to restrict their stimulation to the microbe and avoid the danger of initiating autoimmune responses. For MHC class II presentation it has recently been shown by Blander and Medzhitov, that DCs distinguish between self-and nonself-antigens in phagosomes by selectively maturing endosomes that contain the TLR-4 ligand LPS, which is accompanied by sequential fusions with lysosomes and ultimately results in enhanced presentation of epitopes on MHC class II molecules [8] . Because the capacity to cross-present exogenous antigens on MHC class I molecules is one of the most striking specialisa- tions of dendritic cells we focused on the question whether for cross-presentation of particulate antigens there is a similar requirement to coencapsulate TLR ligand and antigen.
Initially, we had some doubt whether coencapsulation of adjuvant and antigen matters, because we had shown that the uptake of PLGA-MS loaded with influenza virus matrix protein by immature human DC in vitro followed by their maturation with soluble TLR ligands or proinflammatory cytokines led to full phenotypic as well as functional maturation [15] . Maturation was evidenced by an increase in allostimulation of naïve CD4 + or CD8 + T cells, enhanced cytokine secretion, reduced phagocytosis, and the onset of CCR7-directed migration. These mature DC were readily capable to stimulate CTL specific for influenza virus matrix protein and T helper cells specific for tetanus toxoid. From these experiments it did not seem to be pivotal that the maturation stimulus is provided in physical association with the antigen within a particle, but this issue has not been addressed in a quantitative and comparative manner. For soluble protein antigens it has previously been shown that cross-priming in mice and even in primates is more efficient if an adjuvant like CpG oligonucleotide or other immunostimulatory DNA sequences were chemically linked to an antigen [24] [25] [26] [27] . Soluble proteins, however, are notoriously poor substrates for cross-presentation and their uptake and trafficking differs from that of particulate material [28] . For virus-like particles it has been shown that more potent CTL responses were obtained when nonmethylated CpG motifs were packaged into the particles rather than merely coinjected [29] . It was argued at that time that the CpG oligonucleotides were protected from DNAses and that this effect probably accounted for the improved immunogenicity. A further hint was provided by Reis e Sousa and colleagues who showed that cross-priming of cell-associated antigens is more potent, when the cells were either virus infected or loaded with polyI:C. It was deduced that TLR3 triggering is important for cross-priming by DC which by itself is not unexpected as DC maturation is believed to be a prerequisite for T cell activation [30] . For PLGA-MS it has been shown that surface coating or micro-coencapsulation of an adjuvant and an antigen yields better antibody titers in vaccinated animals [31] [32] [33] or better T helper cell proliferation and cytokine secretion in vitro [34] , but the generation of CTLs has not been investigated. All these studies did not directly address the question whether an adjuvant and antigen must be colocalized within one and the same particle in order to optimally elicit cross-priming.
Stimulated by the seminal discovery of Blander and Medzhitov [8] , we decided to use PLGA-MS to address this issue for cross-priming. PLGA-MS are ideally suited for this purpose, because they can accommodate nucleic acids and proteins, they release their content in an aqueous environment, as for instance in the endosome, and they can be tailored to a size that favors the phagocytic uptake of one rather than two or several MS into a single endosome. Electron microscopic images of human DC that had phagocytosed PLGA-MS suggested indeed that every MS was individually surrounded by a double membrane and that approximately three to eight MSs were taken up per cell [30] . Therefore, we can test in this system whether efficient CTL stimulation can be achieved if adjuvant-loaded MS and antigen-loaded MS are included into separate endosomes by an individual cell. Moreover, by quantitatively comparing the CTL responses obtained when mice were immunized either with mixtures of MS-OVA with either MS-CpG or MS-polyI:C, or with coencapsulated TLR ligand and antigen (MS-CpG/OVA or MS-polyI:C/OVA), we were able to discriminate effects like the protection of an adjuvant within MS from the effect of linking antigen and adjuvant. Using four different read-out systems that reflect (i) the specificity of CTL for the SIINFEKL peptide presented on H-2K b (MHC tetramer stain, Fig. 5 ), (ii) the ability to stimulate CTL to produce IFN-␥ (intracellular cytokine staining, Fig. 4 ), (iii) the lysis of SIINFEKL-charged target cells (cytolysis assays, Fig. 6 ), and (iv) the protection from vaccinia virus infection (Fig. 7) , we found that coencapsulated TLR ligand and antigen consistently yielded stronger CTL responses than obtained by administration of a mixture of two MS formulations loaded separately with antigen or adjuvant. This effect was observed for both adjuvants examined, the CpG oligonucleotide and polyI:C, but the adjuvant effect of the TLR9 ligand CpG oligonucleotide was consistently stronger than that of the TLR3 ligand polyI:C; nonetheless, the phenotypic maturation of BMDC in vitro was achieved with both adjuvants (Fig. 1) . Since the amounts of separately microencapsulated and coencapsulated antigen and adjuvant were the same and also their release upon hydrolysis of the respective PLGA-MS was equivalent, the mice received the same quantities of adjuvant and antigen with both formulation types. Therefore, the increase in CTL response must have been due to the higher efficiency in antigen presentation achieved by using the single MS formulation with coencapsulated material. Nevertheless, it should be pointed out that the protection of the unstable adjuvants CpG and polyI:C within MS probably also contributed to the high CTL responses obtained, because we found that the encapsulation of the adjuvants yielded approximately twofold higher CTL responses than the corresponding amounts of soluble adjuvant (Fig. 3) .
The subcellular mechanism of improved crosspresentation with coencapsulated antigen and adjuvant remains to be clarified. Since the presentation of protein antigens from PLGA-MS is dependent on proteasome and TAP activity and sensitive to brefeldin A [35, 36] two out of the three pathways currently discussed for crosspresentation [37] , namely the 'ER-phagosome fusion' pathway [38] [39] [40] and the 'endosomal class I loading pathway' [41] are unlikely to be involved in cross-presentation from PLGA-MS. More likely, the 'cytosolic escape' pathway [42, 43] could apply to antigen delivery via PLGA-MS, as it has been shown, at least for PLGA nanoparticles, that they can escape from vesicular compartments into the cytoplasm [44, 36] . It is theoretically possible that maturation of phagosomes via TLR ligands accelerates such a release mechanism or the protection of antigen from lysosomal degradation [44] .
The yield of 9% of SIINFEKL-specific CTL after a single vaccination is very high and compares favorably to approaches using chemical conjugates of ovalbumin and CpG oligonucleotides [25] , vaccination with virus-like particles [45] , DC-based vaccination [46] , or DNA vaccination [47, 48] . Compared to the high numbers of SIINFEKL/H-2K b tetramer positive CTL (Fig. 5) , the number of specific CTL that could be stimulated with the SIINFEKL peptide to produce IFN-␥ in vitro was only in the order of 2-3% (Fig. 4) . Such a difference between these two detection systems, which has also been observed by other laboratories, may be due to the short re-stimulation time of 5 h because a longer period of re-stimulation led to increased numbers of IFN-␥ producing cells (data not shown). In addition to IFN-␥ production, the CTL induced by vaccination with PLGA-MS were biologically active in that they lysed SIINFEKL-pulsed target cells in vivo and in vitro (Fig. 6 ) and protected mice from the infection with rVV-OVA (Fig. 7) . While this manuscript was under review, a study by Heit et al. also reported that strong CTL responses to ovalbumin could be elicited with PLGA microspheres containing both OVA and CpG oligonucleotide [49] . In that study protection from lethal infection with Listeria monocytogenes and growth of pre-established B16 melanoma could be demonstrated. Heit et al. produced their PLGA-MS by the solvent/evaporation technique while we performed the pharmaceutically more applicable spray-drying method. The two papers together show that irrespective of the production method, PLGA-MS are excellent tools for CTL vaccination. Another study that appeared while our paper was in revision showed that the immunization of mice with PLGA-MS containing recombinant prion protein and CpG oligonucleotide was able to induce antibodies, T helper-, and CTL responses to the prion protein [50] . Interestingly, also for this antigen, the inclusion of antigen and adjuvant in the same microspheres yielded better stimulation of CD4 + and CD8 + T cells than immunization with a mixture of MS containing the single components indicating that the paradigm of coencapsulation is not only valid for vaccination with one model antigen.
The potency of PLGA-MS as CTL vaccines has probably several reasons. First, they are degraded over a period of about 30 days during which the encapsulated antigen and adjuvant are most likely protected from degradation by proteases, RNAses, and DNAses. This persistence gives DC a better chance to acquire the antigen. Second, PLGA-MS can be manufactured by spray drying to obtain particle diameters in the range of 1-5 m which is appropriate for uptake by DC [28] . Uptake of PLGA-MS by murine BMDC and human monocyte-derived DC has indeed been shown to be very efficient and fast [15] . Third, loading of DC with PLGA-MS does not negatively affect their pivotal biological properties like cytokine secretion, T cell stimulation, and migration [15] . Fourth, PLGA-MS have been shown to achieve an excellent efficiency of cross-presentation by DC [12, 51] which may be linked to their particulate nature [52] and the escape of PLGA-MS from phagosomes into the cytoplasm [53, 36] . Here we add a further advantage to this list, namely that PLGA-MS can be reproducibly manufactured to contain both protein antigens and nucleic acids as adjuvants which can stimulate their cognate TLR after phagocytosis of MS. The coencapsulation of several adjuvants, which trigger different TLR pathways, may further enhance the immune response [54] . Although it remains to be shown in vitro by fluorescence microscopy if phagosomes do indeed mature specifically and provide the cell surface with peptide/class I complexes if their cargo contains TLR ligands, our in vivo data is consistent with this mechanism. The importance of coencapsulating adjuvant and antigen for achieving better CTL responses, however, is a new parameter that is evident from our results and which will help to further optimize immunotherapies aiming at the eradication of malignant or virus infected cells.
